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storage conditions 

Jason S. Lee*, Richard I. Ray and Brenda J. Little 

Naval Research Laboratory, Codes 7332/7303. Stennis Space Center, MS. USA 

(Received 18 May 2010; final version received 26 June 2010) 

Experiments were designed to evaluate the nature and extent of microbial contamination and the potential for 
microbiologically influenced corrosion of alloys exposed in a conventional high sulfur diesel (L100) and alternative 
fuels, including 100% biodiesel (B100), ultra-low sulfur diesel (ULSD) and blends of ULSD and B100 (B5 and B20). 
In experiments with additions of distilled water, all fuels supported biofilm formation. Changes in the water pH did 
not correlate with observations related to corrosion. In all exposures, aluminum 5052 was susceptible to pitting while 
stainless steel 304L exhibited passive behavior. Carbon steel exhibited uniform corrosion in ULSD and LI00, and 
passive behavior in B5, B20, and B100. 
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Introduction 

Microbial contamination of hydrocarbon fuels has 
been recognized as a problem for over 40 years. It is 
the main cause of (1) clogging of fuel lines and filters, 
(2) product deterioration, and (3) corrosion of metals 
during hydrocarbon extraction, production, distribu- 
tion, and storage (Videla et al. 1993). The following 
mechanisms for microbiologically influenced corrosion 
(MIC) in fuel/water systems were delineated by Videla 
et al. (1993): (1) a local increase in proton concentra- 
tion derived from organic acidic metabolites, (2) an 
increase in the oxidizing characteristics of the medium, 
(3) metabolite production decreasing the surface 
energy of the passive film/electrolyte interface, (4) 
microbial adhesion enhancing metal dissolution, and 
(5) microbial uptake of fuel additives, including 
corrosion inhibitors. It is estimated that damage due 
to MIC in production, transport and storage of oil 
amounts to some hundred million dollars in the US 
every year (Costerton and Boivin 1991). Russian 
investigators (Agaev et al. 1986) estimated that 30% 
of the corrosion damage in equipment used for oil 
exploration and production was directly attributable to 
MIC. 

The major limitation for microbial activity in fuels 
is the presence of water (Watkinson 1984). The volume 
of water required for microbial growth is extremely 
small and water is a product of the microbial 
mineralization of hydrocarbons. It is possible for 
microbial mineralization of fuel to generate a water 

phase for further proliferation. For example, Clados- 
parium (Hormoconis) resinae grew in 80 mg water per 1 
of kerosene and after 4 weeks incubation, the 
concentration of water increased more than 10-fold 
(Bosecker 1996). The relationship between microor- 
ganisms, fuel and water is complicated. In general, 
aerobic microorganisms (fungi and aerobic bacteria) 
grow at the fuel water interface and anaerobic bacteria 
(eg sulfate-reducing bacteria) grow in oxygen-free 
areas (eg at the bottom of a storage tank). Nutrients 
are dissolved from the fuel into the water. In a 
freestanding clean tank most of the water is water of 
condensation accumulated at the bottom of the tank 
and amounting to a few percent of the volume of the 
tank. Water in fuel can also form an emulsion. Most 
water-in-oil emulsions are unstable and over time the 
water separates to the bottom of the tank. Under some 
circumstances bacteria and fungi can produce surfac- 
tants, causing the formation of stable water-in-oil 
emulsions. 

The susceptibility of hydrocarbons to aerobic and 
anaerobic biodegradation is well known and the 
subject has been reviewed (Widdel and Rabus 2001; 
Meckenstock et al. 2004; Rabus 2005; Heider 2007; 
Suflita and Mclnerncy 2008). It is clear that the 
oxidation of many different types of hydrocarbons can 
be coupled with the reduction of a variety of electron 
acceptors in addition to oxygen and that carbon 
dioxide is the resulting end product. It is also clear 
that anaerobes can couple their metabolism in 
syntrophic associations that ultimately allow for the 
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conversion of the petroleum components to methane 
(Charkraborty and Coates 2004; Suflita et al. 2004; 
Townsend et al. 2004; Siddique et al. 2007; Gieg et al. 
2008). 

McNamara et al. (2003) demonstrated that the 
dominant microorganisms contaminating jet propel- 
lant (JP) fuels altered over the years with changes in 
formulations, refinery practices, chemical composi- 
tions, and biocides. With the introduction of ultra 
low-sulfur diesel (ULSD) (<15ppm sulfur) and 
biodiesel, new problems may be encountered (Lock- 
ridge 2007). Londry and Suflita (1998) found that 
thiophenes, thiols, thiophenic acids, and aromatic 
sulfides, present in high sulfur diesels, could inhibit a 
variety of metabolic processes in anaerobic cultures 
enriched from an oily sludge. In addition the desulfur- 
ization processes may make low sulfur diesel more 
biodegradable by producing biodegradable compo- 
nents (Ali et al. 2006). Biodiesels are inherently more 
susceptible to microbial degradation than typical 
hydrocarbon fuels since methyl esters arc hydrolyzed 
with ease under aerobic or anaerobic conditions. When 
microorganisms hydrolyze biodiesel fuels they produce 
fatty acids. Knothe and Steidley (2005) suggested that 
free fatty acids can restore lubricity to ULSD. 

Experiments were designed to evaluate the nature 
and extent of microbial contamination and the 
potential for MIC in alternative fuels, ie biodiesel, 
ULSD and blends of the two. L100, a conventional 
high sulfur diesel was included in the experiments. The 
main objectives of this work were: (1) to characterize 
the corrosion and electrochemical behavior of storage 
and fuel tank alloys in the presence of alternative fuels 
over time; (2) to determine the microflora and 
chemistry of as-received fuels as a function of biodiesel 
content and storage time. 

Materials and methods 

Fuels 

The following three neat fuels and two fuel blends 
were used: ULSD - 100% ULSD; LI00 100% red 
dyed conventional high sulfur diesel; B100 100% 
biodiesel soybean feedstock; B5 - 5% biodiesel/95% 
ULSD blend (% by volume); B20 20% biodiesel/ 
80% ULSD blend (% by volume). 

The first three fuels (ULSD, L100, B100) were 
commercially available. B5 and B20 were mixed under 
laboratory conditions from the ULSD and B100 
supplies. One 1 of each of the unmixed fuels ULSD, 
BI00, and LI00 was characterized for sulfur con- 
tent following ASTM D5453 (2009). Gas chromato- 
graphy-mass spectrometry (GC-MS) analysis was 
conducted on both pre- and post-test fuels (Johnson 
ct al. 2004). GC-MS provided the fatty acid methyl 

ester (FAME) content denoted by the convention C# 
(number of carbons in chain). 

Nine hundred ml of distilled water were added to 
900 ml of fuel or fuel blend (1:1) in a 2 1 crystallization 
dish with a watch glass cover. No further effort was 
made to seal the containers. Duplicate containers were 
prepared for each fuel. The pH of each water layer was 
measured post-exposure. The total exposure time was 6 
months. 

Microorganisms 

At the onset of the experiment the natural microflora 
in the fuels that could be grown in distilled water was 
determined. For each of the neat fuels (ULSD, B100, 
and LI00), 900 ml were combined with 900 ml sterile 
distilled water and placed on a shaker at 60 rpm. After 
2 weeks, the water and fuel were separated using a 
separation funnel. Each of the water samples was sent 
to a commercial laboratory (Microbial Insights, Rock- 
ford, TN) for identification of microorganisms by 
denaturing gradient gel electrophoresis (DGGE) 
(Fischer and Lerman 1979). For bacteria, the DGGE 
technique separated the amplified I6S rRNA genes, 
whereas for fungi the 28S rRNA gene was used to form 
banding patterns. Banding patterns and their relative 
intensities were used to detect differences in microbial 
communities. The most intense bands were excised and 
sequenced to identify microorganisms to the taxo- 
nomic level of genus. 

To insure the presence of microorganisms in the 
experiments, an inoculum was used from the sludge 
layer in a tank containing LI00. The inoculum was 
prepared by combining 300 ml of the sludge with 2 1 of 
sterile distilled water and placed on a shaker at 60 rpm. 
After 2 weeks, the water layer was separated from the 
sludge using a separation funnel. The sludge was 
discarded. The microflora present in the water layer 
was characterized using the techniques previously 
described. Twenty ml of the water layer inoculum 
were added to each experimental container at the start 
of the experiment. No attempt was made to sterilize the 
glassware, coupons, wires, or plastic mounts prior to 
introduction of fuel/water combinations. At the con- 
clusion of the 6-month exposure, microorganisms in 
water layers from the 10 containers were identified as 
previously described. 

Metals 

Carbon steel UNS C10200 (CI020), stainless steel 
UNS S30403 (SS304L), and aluminum alloy UNS 
A95052 (AA5052) were selected as representative fuel 
tank alloys (Table 1). Metal coupons of each alloy 
were obtained from Metal Samples, Inc. (Munford, 



Bio fouling       625 

Table 1. Chemica compositions of alloys in wt% (Davis 1998). 

Alloy C Mn P S Si Cr Ni N Al Cu Fe Mg Zn 

C1020 
304L 
5052 

0.20 
0.021 

0.47 
1.35 
0.1 

0.012 
0.031 

0.013 
0.004 0.41 

0.15 
18.11 

0.15-0.35 
8.39 0.15 

Bal. 
0.141 
0.10 

Bal. 
Bal. 
0.40 2.26 0.1 

AL, USA) with dimensions of 1.6 cm diameter and 
0.32 mm thick. An insulated wire was attached to the 
backside of each coupon with conductive epoxy and 
carbon tape to achieve electrical connection. Coupons 
were individually mounted in Epothin epoxy (Buehler 
Ltd, Lake Bluff, IL, USA) to electrically isolate the 
wire connection and to establish an exposed area of 
2 cm2. Each coupon was wet-polished to a 600-grit 
finish, sonicated in soapy water, rinsed with acetone, 
and dried with nitrogen gas. 

Three epoxy-mounted coupons of each alloy were 
used in each of the five fuel/water combinations. 
Coupons were vertically orientated in the exposure 
vessels at the fuel/water interfaces. AA5052 and 
SS304L coupons were exposed in the same container, 
while C1020 coupons were exposed separately. A 
mercury/mercury sulfate (Hg/HgS04) electrode and a 
4 cm2 platinum-niobium mesh were used as reference 
and counter electrodes, respectively, in a standard 
three-electrode electrochemical setup. The sulfate- 
based reference electrode was chosen over a chloride 
containing reference electrode (eg saturated calomel, 
silver/silver-chloride) to avoid possible chloride con- 
tamination. A Luggin probe filled with saturated 
potassium sulfate solution was used to decrease the 
effect of voltage drop. The Luggin probe was removed 
after measurements to minimize sulfate contamination. 

A computer-controlled potentiostat (Gamry In- 
struments, Warminster, PA, USA) was used for all 
electrochemical measurements. For each measurement, 
the Luggin probe was positioned at the fuel/water 
interface to within 5 mm of the coupon surface. 
Solution resistance (/?s) between the coupon and the 
Luggin probe was determined by electrochemical 
impedance spectroscopy (EIS). The measured 
impedance at the highest frequency with a phase 
angle > — 5 degrees was recorded as Rs. All distilled 
water/fuel combinations had significant /?s values 
within the range of 104 to 107 ohms. The corrosion 
potential (Eeorr) was recorded for each coupon vs the 
reference electrode. The polarization resistance (Rp) 
was determined using the linear polarization resistance 
(LPR) technique as detailed in ASTM Standard G59 
(2003a). Current was recorded as the potential of each 
coupon was scanned from — 10 mV to + 10 mV vs 
Elltrr. A slow scan rate of 0.16 mV s   ' was used during 

LPR to compensate for the lack of charge carriers in 
solution.  Rp 

relationship: 
solution.  Rr was determined from the Ohm's Law 

V=Ix(Rp + Rs) (1) 

where V is potential and / is current. Solving for Rr 

results in. 
I 

7 ^P — T ~~ ^s (2) 

where the slope of the LPR measurement (\'jl) 
(determined by least squares fit) less the EIS measured 
Rs gives Rp. A commercial program, Echem Analyst 
v5.5 (Gamry Instruments, Warminster, PA, USA), was 
used to automate /?p determination. The inverse (/?p') 
is proportional to the instantaneous corrosion rate. 
The term 'instantaneous' is used to differentiate the 
rates from cumulative corrosion rates. Rp, Rs, and E(„„ 
(VHg/Hgso4) were measured every I to 2 weeks for all 
exposed samples and averaged for each triplicate set of 
alloy/fuel combinations. Rp trends were normalized 
for electrode area (2 cm") and are reported in units of 
ohms cm 2. Laboratory temperature was main- 
tained at 23"C with fluorescent lighting for 8 h a day. 

After 6 months, each coupon was removed, fixed in 
4% glutaraldehyde buffered with 0.1 M sodium 
cacodylate (pH 7.2) and stored in a refrigerator at 
4°C. Fixed coupons were imaged using a digital camera 
and rinsed through a graded series of distilled water/ 
acetone to remove fuel and water. Coupons were 
further rinsed through a graded series of acetone/ 
xylene to remove acetone and residual fuel and allowed 
to air dry (Ray and Little 2003). Coupons were imaged 
in an environmental scanning electron microscope 
(ESEM) at an accelerating voltage of 20 kev and a 
chamber water vapor pressure of 2 4 torr. 

Select coupons were removed from the epoxy 
mount and acid cleaned to remove corrosion products. 
C1020 coupons were acid cleaned according to ASTM 
Gl (2003b) for 10 min in a room temperature solution 
of 500 ml concentrated hydrochloric acid (SG 1.19), 
3.5 g hexamethylene tetramine and deionized water to 
make 1 1. AA5052 coupons were acid cleaned in 
concentrated nitric acid (SG 1.42) for 1 min at room 
temperature.  It was not necessary to clean SS304L 
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coupons. Coupons were scanned using a Nanovea 
(Irvine, CA) Model PS50 non-contact optical profiler 
with a 3.5 mm optical pen to reconstruct high contrast 
3-D digital images. Pit depths were measured from 
these reconstructions. Pitted coupons were re-em- 
bedded in epoxy and cross-sectioned on a slow speed 
diamond saw. Cross-sections were examined with an 
ESEM and a dissecting microscope with attached 
digital camera. 

Results 

Fuels 

Pre-exposure BIOO fuel was composed of C17 and C19 
FAME as determined by GC-MS. After 6 months C21, 
C23, and C25 FAME were also detected. All L100 
fuels had a 10% FAME (C17 + C19) content indicat- 
ing a conventional diesel/biodiesel blend. All ULSD 
fuels (pre- and post-exposure) had a 0% FAME 
content indicating no biodiesel blending. The sulfur 
concentration in LI00 was 1273 ppm; in B100, 3 ppm; 
and in ULSD, 2 ppm. A color change was observed in 
all biodiesel exposures (Figure 1). The initial dark 
yellow color was masked by a bright green color after 3 
months in BIOO, 4 months in B20 and 4.5 months in 
B5. Over the same 6-month period, B100 stored in an 
opaque sealed container with no added water, metal 
samples or inoculum, retained the original yellow 
color. 

The pH of distilled water used in the experiments 
was 5.75. After the 6-month exposure to the different 
fuels, the pH of the water layers was measured (Table 
2). The highest pH, 6.64, was measured for ULSD 
exposed to C1020. The lowest pH, 3.41, was measured 
for LI00 exposed to C1020. The pH values measured 
in fuels containing biodiesel had intermediate values. 
Increasing biodiesel content corresponded with lower 
pH values. 

After 6 months containers with ULSD and C1020 
contained dark orange precipitates at the bottom of 

Initial BIOO color 

After 6 months exposure 

Figure I. Biomass in the water layer after 6 months in 
B100. In addition, the color change to the bright green can be 
seen. Insert shows the original BIOO color. 

the water layer, presumably iron corrosion products. 
All containers showed evidence of biofouling at the 
fuel/water interface and in the water layer. 

Microorganisms 

The inoculum contained Niastella. Acinelobacter, 
Bacillus, Rhodotorula, and Mycosphaerella. Predomi- 
nant microorganisms in water exposed to fuels after 2 
weeks and 6 months are listed in Table 3. After 2 
weeks all samples contained both bacteria and fungi 
except L100, where no fungi were identified. After 6 
months, Sphingomonas was identified in ULSD, B5 
and B20. Aureobasidium and Paecilontyces were 
identified from biodiesel-containing fuels. Rhodotor- 
uhi. found in B20, was the only microorganism 
originating from the inoculum that could be identified 
in a post-exposure fuel after 6 months. For each fuel/ 
water combination, species diversity generally de- 
creased over the 6 months. 

Metals 

SS304L 

There were no visual indications of corrosion in 
SS304L after 6 months in any fuel/water combination. 
Ecorr values ranged from 0.15 to —0.3 VHg HgS04 with 
LI00 and ULSD having the highest and lowest values, 
respectively. SS304L exposed in biodiesel-containing 
fuels exhibited the lowest Rp' (10 7 ohm ' cm 2). 
However, /?p 'in B100 increased to 10 ohm cm * 
after 6 months. A distinct biofilm of bacteria and fungi 
was associated with the fuel/water interface and in the 
water phase. Above the interface, fungi and bacteria 
were sparsely attached to the metal surface. 

C1020 

Erorr and /?p' trends (triplicate averaged) for C1020 
exposed in each of the 5 fuel/water combinations are 
shown in Figure 2a and b, respectively. Exposure to 
ULSD produced the highest Rp

] (10 3 ohm ' cm 2) 
(2 orders-of-magnitude  higher  than  LI00)  and  the 

Table 2.    pH values of water layers after 6-months exposure 
to fuel and alloys. 

Fuel C1020 SS3041. + AA5052 

ULSD 6.64 
L100 3.41 
B5 5.80 
B20 4.64 
BIOO 3.97 

4.98 
3.49 
4.93 
5.21 
3.85 

Initial distilled water pH = 5.75. 
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Table 3. Bacterial and fungal populations of water layers after 2-weeks and 6-months exposures to fuels. 

Bacteria                                                                                    Fungi 

Fuel 2 weeks                                      6 months                                  2 weeks 6 months 

ULSD 

B5 

B20 

B100 

LIOO 

Bradyrhizohium, Chelatococcus, 
Sphingomonas, 

Bradyrhizohium, Chelatococcus, 
Melhylohacterium, Sphingomonas 

Bradyrhizohium. Chelatococcus, 
Melhylohacterium, Sphingomonas 

Melhylohacterium. Sphingomonas 

Bacillus, Thermomonas 

Sphingomonas" 

Alphaproteobacteria"'h, 
Betaproteobacteriah. 
Sphingomonas"' 

Alphaproteobacteriaah. 
Sphingomonas 

Paecilomyces 

A ureohasidium. Cryptococcus. 
Paecilomyces 

A ureohasidium, Cryptococcus. 
Paecilomyces 
A ureohasidium Cryptococcus 

Aureobasiditim" 

Calosphaeria", 
Paecilomyces 

Rhodotorula"x 

A ureohasidium", 
Paecilomyces 

Hormoconis". 
Saccharomyces" 

"CI020; "SS304L + AA5052; from inoculum. 

§ -0 300 

9,-0 500 
I 
g  -0 700 
> 
~ -0 900 

8 
UJ 

1 100 

-1 300 

(a) 

--ULSD—B5 

-•-B20    --B100 

-•-L100 

25        50        75       100      125      150      175      200 

Exposure time (days) 

1 E-08 
25 

(b) 
50        75        100      125      150      175      200 

Exposure time (days) 

Figure 2. (a) E„,rr (VHg,Hgso4) and (b) flp ' (ohm ' cm 2) 
trends for CI020 exposed in each of the 5 fuel/water 
combinations. 

lowest Ec„„ values (—1.0 VHg Hgso4>- C1020 in L100 
had the second highest /?p' with intermittent spikes of 
an order-of-magnitude increase at days 29 and 56. Ecorr 

started out at ~0.0 VHg HgS04 but by day 150, had 
dropped to —0.8 VHg/HgS04. In general, biodiesel- 
containing fuels had similar low /?"'  (10   7 ohm   ' 

cm   2) and stable Er„rr values ranging from 0.0 to 
— 0.3 VHg/HgS04 over the entire 6-month exposure. 

After 4 days, orange corrosion products were 
obvious on all C1020 exposed in ULSD and distilled 
water below the fuel/water interface. In comparison, 
CI020 exposed in B100 only had discoloration at the 
fuel/water interface. After 6 months, C1020 exposed in 
ULSD resulted in large amounts of dark orange 
corrosion products at and below the fuel/water inter- 
face (Figure 3a). General corrosion without pitting 
occurred below the interface (Figure 3b and c). CM020 
exposed in B5 (or B20) did not result in corrosion 
and polishing marks were still visible on the surface 
(Figure 4a). Biofilms, containing both bacteria and 
fungi, developed above, at and below the fuel/water 
interface. Fungal hyphac with spores (Figure 4b) and 
rod-shaped bacteria were attached to CI020 on and 
below the interface. C1020 exposed in L100 resulted in 
a thick dark red deposit at the fuel/water interface 
(Figure 5a). Acid cleaning revealed a distinct band of 
corrosion at the interface with minimal attack in the 
fuel layer (Figure 5b and c). Below the interface, 
pitting (200 nm deep) and uniform etching were 
observed. All C1020 results were replicated in triplicate 
exposures. 

AA5052 

E,„rr and /?p' trends for AA5052 exposed in each of 
the 5 fuel/water combinations are shown in Figure 6a 
and b, respectively. Enin values ranged from —0.5 to 
— 1.25 VHg Hgsot- E«>rr for the LIOO exposure dipped 
to — 1.25 VHg/Hgso4 'n lr|e first 7 days in comparison 
to the B100 exposure that increased to -0.7 VHg, 
Hgso4- After 30 days, the LIOO exposure had increased 
to -0.7 VHg/Hgso4. the same level as BI00. B5. B20, 
and ULSD exposures all exhibited £„„ trends that 
increased  by   ~0.2 V  over  the 6-month  period.   In 
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\ •>.* 

(a) 

Figure 3. (a) CI020 after 6-months exposure in ULSD and 
distilled water with visible corrosion at and below the fuel/ 
water interface, (b) Acid cleaned surface reconstructed by 
3-D profilometry. (c) Cross-sectional profile shows the 
majority of metal loss occurred at and below the fuel/water 
interface (black dashed arrow in b). 

contrast, after the initial increase, LI00 and B100 Ecmr 

trends decreased by ~0.1 V over the 6-month ex- 
posure period. Ec„rr trends coincided with increased 
R [ for L100 and B100 over time and decreased R i 

for   B5.   B20, /?  'in L100 
l 

and ULSD exposures, 
increased from 10 6 ohm ' cm 2 to 10 4 ohm 
cm 2 over the 6-month. The next highest /?"', 
measured in the B100 exposure, was 2 orders-of- 
magnitudc lower. 

A build-up of corrosion products and biofilm was 
observed on all AA5052 coupons at the fuel/water 
interface. All AA5052 surfaces were pitted in the fuel 

Figure 4. (a) C1020 after 6-months exposure in B5 and 
distilled water exhibited no evidence of corrosion as indicated 
by the intact polishing marks on the surface, (b) Fungal 
hyphae and spores attached to a CI020 surface at the fuel/ 
water interface. 

phase, at the interface and in the water phase. The 
deepest pits were measured in LI00 and distilled water 
(Figure 7a~e). Pits above the interface were as large as 
700 /im in diameter with maximum penetration of 
650//m (Figure 7b and c). A cross-section of two 
adjacent pits at the interface demonstrated that the two 
pits were joined below the surface (Figure 7d). A 
shallow pit (200 /jm diameter, 100 /<m deep) formed 
above the interface was cross-sectioned (Figure 7e). 
The cross-section exposed extensive corrosion beneath 
the surface with crack-like morphology. Over the 
entire surface of the coupons, small pits (< 1 /mi 
diameter) within larger pits were observed. In the case 
of ULSD a pit above the interface was 350 /mi in 
diameter and 600 /mi deep, whereas the pit at the 
interface had the same penetration depth but was over 
1 mm in diameter. 

After the 6-month exposure to B5, B20. and BI00 
and distilled water all AA5052 surfaces were pitted in 
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Figure 5. (a) C1020 after 6-months exposure in L100 and 
distilled water with build-up at fuel/water interface. 
Profilomctry of acid cleaned surface (b) and cross sectional 
profile (c) (black dashed line) revealed minimal attack in the 
fuel layer, and a distinct band of corrosion at the interface 
with associated pits and light etching in the water layer. 

the fuel phase, at the interface and in the water phase. 
In the case of B5 a 275 pm diameter hemispherical pit 
was located above the interface. Fungal hyphae and 
spores were located at the interface. Below the inter- 
face in the water layer, small 1 5 /jm diameter pits 
were found. In the case of B100, pits above the 
interface were as large as 1.5 mm in diameter with 
maximum penetration of 650 /im. Pits at the interface 
measured (by profilomctry) 100 //m in diameter and 
200 nm deep with crystallographic corrosion morphol- 
ogy (Figure 8). Most of the metal loss occurred below 
the metal surface with a  pit depths > 500 /zm and 

(a) 
50        75       100      125      150      175      200 

Exposure time (days) 

1.E-03 

1 E-08 

(b) 
25        50        75       100      125      150      175      200 

Exposure time (days) 

Figure 6. (a) E,„rr (VHg HgscM) and (b) R~' (ohm 'cm 2) 
trends for AA5052 exposed in each of the 5 fuel, water 
combinations. 

could only be detected in cross-section (Figure 9). The 
spatial distribution of corrosion was consistent with 
distance from the fuel/water interface among 
replicates. 

Discussion 

Experiments described in this paper were designed to 
characterize the corrosion of storage tank alloys 
exposed to alternative fuels and to relate that 
corrosion to the microflora that developed in the 
presence of distilled water. It was the intention to 
use a conventional fuel (LI00) for comparison 
purposes. However, the presence of Cl7 and Cl9 
FAME in commercially available LI00 demonstrates 
the complexity of the present commercial fuel 
situation. The FAME was not due to experimental 
effects, but was most likely the result of evitable 
mixing that has and will continue as alternative fuels 
are introduced into previously used tanks. The 
presence of C2l, C23 and C25 FAME and the color 
change observed in all exposures containing biodiesel 
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(|im) 

was most likely the result of photosynthetic algal 
growth. 

It is difficult to compare studies on biofouling and 
corrosion in the presence of alternative fuels because 
experiments have been conducted under varying 
conditions with varying fuels. Most investigators 
have reported that there is little or no corrosion of 
metals exposed to neat low- or no-sulfur biodiesels 
over short exposures. Using weight loss and /fp' as 
indicators of corrosion, Meenakshi et al. (2010) 
concluded that the corrosion rates of aluminum, 
carbon steel, copper, and brass exposed in neat 
biodiesel (B100) (derived from Pongamia pinnata) for 
100 h were insignificant. Addition of 1% NaCI did not 
increase the corrosion rate. In other studies (Kaul et al. 
2007), biodiesel from the Salvadora plant produced 
corrosion on metal parts of a diesel engine whereas 
biodiesel from other oils caused little or no corrosion. 
Corrosion in the presence of the Salvadora biodiesel 
was attributed to high sulfur compounds (sulfur 
1600 ppm). 

Biodiesels are hygroscopic and typically contain 
approximately 1200 ppm water absorbed from the 
atmosphere. In the presence of water, biodiesels 
support the growth of aerobic and anaerobic micro- 
organisms. The rate of degradation of soybean methyl 
biodiesel is reportedly as fast and complete as that of 
glucose by the action of soil microbial populations 
(Zhang et al. 1998). Lutz et al. (2006) reported that 
palm methyl or ethyl biodiesel was degraded aero- 
bically by wild-type bacteria. Aktas et al. (2010) 
observed that soy-based biodiesel was hydrolyzcd 
and converted to a variety of fatty acid intermediates 
by anaerobic microorganisms, regardless of previous 
hydrocarbon- or biodiesel-exposure history. 

DGGE of PCR-amplified 16s RNA gene fragments 
is a common technique for examining natural bacterial 
communities (Jackson et al. 2000). Muzer and Smalla 
(1998) reviewed the applicability of the technique in 
microbial ecology and Wang et al. (2008) used the 
technique to monitor bacteria during microbial en- 
hanced oil recovery. In the present study, microorgan- 
isms were identified in the distilled water that had been 
in contact with fuels. Since it is unlikely that alternative 
fuels will be added to pristine tanks, the inoculum was 
prepared from sludge in a tank that had contained 
conventional diesel. However, the microorganisms 
from the inoculum did not grow over the 6-month 

Figure 7. (a) AA5052 after 6-months exposure in L100 and 
distilled water, (b) Acid cleaned surface reconstructed by 3-D 
profilometry. (c) Cross-sectional profile of deep (650 fim) pits 
in the fuel layer (black dashed arrow in (b). (d) Cross-section 
of two adjacent pits at the fuel/water interface joined below 
the surface, (e) Cross-section of pit with crack-like 
morphology. 
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Figure 8.    Pit in AA5052 after 6-months exposure in B100 
and distilled water with crystallographic morphology. 

Figure 9.    Pit cross-section in AA5052 after acid cleaning. 

exposure and only one of the organisms in the original 
inoculum, Rhodotorula, was identified in one of the 
water samples after 6-month exposures. There were no 
consistent patterns for predicting the organisms in the 
water after 6 months based on the organisms detected 
in the original fuel, fuel blend, or the inoculum. 
Sphingomonas was the most prevalent organism among 
the samples (Table 3). Cladosporium (Hormoconis), the 
organism most closely related to corrosion in hydro- 
carbon fuels (Churchill 1963; Hendey 1964; Videla 
ct al. 1993) was detected in L100 at the conclusion of 
the experiment. While it was not possible to identify 
the microorganisms that survived the experimental 
conditions using DGGE, all of the fuels and fuel 
blends used in these studies supported the development 
of a biofilm containing bacteria and fungi, particularly 
at the fuel/water interface, when exposed to distilled 
water. There are several limitations to the DGGE 
technique. Individual bands may not be due to a single 
unique DNA sequence, ie two sequences differing by 
more than one base pair could co-migrate to identical 

positions in DGGE gels (Jackson et al. 2000). The 
result would be an underestimation of population 
diversity. Furthermore, an organism must constitute 
approximately 2% of the total population to be 
detected by DGGE. 

In the present experiments the pH of the water 
layer changed after exposure to fuels, metals and 
microorganisms. As shown in Table 2, an increased 
biodiesel content resulted in a decreased bulk water 
pH. This trend has been demonstrated previously by 
Grainawi (2009). LI00 contained 10% biodiesel that 
may have been partially responsible for the decreased 
bulk water pH. Production of microbial metabolites, 
such as acids, and hydrolysis of metal cations may 
have contributed to pH changes. Melero et al. (2010) 
suggested that increased acidity in vegetable oils and 
animal fats might cause increased corrosion. 

The metals used in the present studies (CI020, 
SS304L, and AA5052) are routinely exposed to fuels 
either in storage or in fuel transfer lines. All the metals 
have been investigated and mechanisms for localized 
corrosion, including MIC, have been documented. In 
most cases localized corrosion and MIC of SS304L is 
attributed to under deposit corrosion in a chloride- 
containing fresh water medium. In the case of MIC the 
deposit is caused by bacteria, particularly iron- 
depositing bacteria. Despite the presence of a biofilm 
at the fuel/water interface in the present studies, there 
were no visible or electrochemical indications of 
localized corrosion of SS304L. 

Biofilms were identified on CI020 in all fuel/water 
combinations and most readily observed at the fuel/ 
water interface. Biofilms of bacteria and fungi were 
associated with regions of active corrosion (ULSD, 
LI00) and with intact surfaces (B5, B20, B100). 
Reddish-orange corrosion products were visible on 
CI020 after 4 days exposure in ULSD with distilled 
water. After 6 months, voluminous corrosion products 
at the fuel/water interface were observed after exposure 
to ULSD and L100. The lowest Ecorr(- 1.0 VHg/Hgso4) 
and highest /?p' (10 ohm ' cm 2) were also 
measured in the C1020 exposure to ULSD (Figure 2a 
and b). Blending ULSD with biodiesel resulted in 
suppressed (10 7 ohm ' cm ) and elevated /•.',„„ 
(—0.1 VHg/HgS04) comparable with SS304L exposures. 
Visual and microscopic inspection revealed an absence 
of corrosion of C1020 in the presence of biodiesel 
(Figure 4a), even in the lowest concentration (B5). 
These results indicate biodiesel has a passivatmg effect 
on CI020. One possible explanation is that absorption 
of biodiesel to the metal surface is a barrier against 
water ingress. Without water in direct contact with the 
steel surface, corrosion is limited. However, the 
presence of biodiesel in LI00 did not prevent active 
corrosion   of C1020,   albeit   3   orders-of magnitude 
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lower than exposure to neat ULSD. As illustrated in 
Figure 2a, the gradual decrease in E,„rr from 
-0.3 VHg/Hgso4 (day 100) to -0.8 VHg/Hgso4 (day 
150) also suggests a change from passive to active 
electrochemical behavior. Grainawi (2009) demon- 
strated carbon steel was most susceptible to active 
corrosion in ULSD without biodiesel blending. Corro- 
sion was in the form of shallow (<5 /xm) pits. These 
results are in agreement with the present work, which 
found no correlation between bulk water pH and 
corrosion severity. 

The susceptibility of aluminum and its alloys to 
localized corrosion makes it particularly vulnerable to 
MIC. Most reports of MIC are for 99% aluminum and 
alloys UNS A92024 (AA2024) and UNS A97075 used 
in aircraft or in underground fuel storage tanks 
(Salvarezza et al. 1983). Two mechanisms for MIC of 
aluminum alloys have been documented: production of 
water soluble organic acids by bacteria and fungi, and 
formation of differential aeration cells. Several inves- 
tigators reported a decrease in bulk fuel pH due to 
metabolites produced during growth of fungi (de Mele 
et al. 1979; de Meybaum and de Schiapparelli 1980; 
Rosales 1985). The most common isolate related to 
aircraft fuel and MIC is the fungus Hormoeonis resinae 
(Churchill 1963; Hendey 1964; Videla et al. 1993). de 
Mele et al. (1979) demonstrated a correlation between 
growth of Cladosporium (Homocornis) and pH at fuel/ 
water interfaces and measured pH values between 4.0 
and 5.0. Rosales (1985) demonstrated metal ion 
binding by fungal mycelia, resulting in metal ion 
concentration cells on aluminum surfaces, de Mele 
et al. (1979) reported that corrosivity increased with 
contact time due to accumulation of metabolites under 
microbial colonies attached to metal surfaces. Videla 
(1996) demonstrated acid-etched traces of fungal 
mycelia on aluminum surfaces colonized by //. resinae. 
de Meybaum and de Schiapparelli (1980) demon- 
strated that the metabolic products enhanced aqueous 
phase aggressiveness even after the life cycle of 
Cladosporium (Hormoeonis) was completed. In all of 
these reports localized corrosion attributed to MIC 
occurred in the water phase in the bottom of tanks and 
at the fuel-water interface. 

Diaz-Ballote et al. (2009) reported that corrosion of 
aluminum (99.999% pure) exposed to biodiesel derived 
from canola was directly related to the concentration 
of residual alkaline catalysts used in the preparation. 
Data presented in this paper arc the first report of MIC 
of an aluminum alloy in the fuel phase, in addition to 
attack at the interface and in the water layer. Pitting 
was observed in AA5052 for all fuel/water exposures, 
including biodiesel blended fuels. Great effort was 
taken to eliminate chloride contamination by using 
distilled water and a sulfate-based reference electrode. 

Therefore, any appreciable amount of chloride in the 
system was initially present in the fuel. Pits had a 
crystallographic appearance (Figure 8). Videla et al. 
(1993) observed crystallographic pits in AA2024 
exposed to H. resinae culture in a mineral media 
containing < 0.015 g 1 chloride. Pits were formed 
during anodic polarization. Videla et al. (1993) likened 
the crystallographic pit morphology to pits formed in 
Cl~ solutions. For example, McNamara el al. (2005) 
used cross-section images to demonstrate subsurface 
pitting due to MIC of AA2024 in a seawater medium. 
Subsurface pitting in the present experiments cannot 
be attributed to aggressive ions, eg alkalis or chlorides, 
or to bulk acidic pH. 

While pitting was visually observed in all AA5052 
fuel/water exposures, electrochemical measurements 
indicated active corrosion only in L100 (Figure 6). This 
discrepancy is most likely due to limitations of the 
LPR technique. Specifically, LPR provides an instan- 
taneous corrosion rate, ie the rate at the time of the 
measurement. It provides no information of corrosion 
that has occurred previously. Other corrosion mon- 
itoring techniques, including electrochemical noise 
analysis (Cottis et al. 1998; Mansfeld et al. 2001). 
may provide more information for electrochemical 
systems that alternate between active and passive 
behaviors. 

Making electrochemical measurements in fuels is 
challenging because of their inherent high /?.,. A 
Luggin probe was used in this study to minimize the 
ohmic potential drop (//?,) between metal and refer- 
ence electrodes. Rs was measured by EIS and used in 
post-measurement analysis. Addition of distilled water 
only moderately increased solution conductivity where 
Rs was orders-of-magnitude higher than Rr. To 
facilitate measurements and decrease Rv charge 
carriers can be added in the form of salts to the fuel/ 
water system (Farina et al. 1978; de Anna 1985; Kelly 
and Moran 1990; Brossia et al. 1995). However, as 
pointed out by Gui and Sridhar (2010) addition of a 
supporting electrolyte often alters the electrochemical 
response of the system in question. This alteration 
would almost certainly be observed when adding a salt 
to distilled water. Grainawi (2009) unsuccessfully 
attempted EIS measurements of carbon steel exposed 
in biodiesel/ULSD blended fuels with and without 
addition of distilled water. Videla et al. (1993) and 
McNamara et al. (2005) used a supporting electrolyte 
(minimal media) in their experiments involving 
AA2024 exposed in JP fuels. An alternative method 
to minimize IRS effects is to decrease the amount of 
/ flowing between the metal and reference electrodes. 
Decreasing the electrode size decreases the / 
required to polarize with a specific voltage. Gui and 
Sridhar (2010) successfully conducted electrochemical 
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measurements in fuel grade ethanol with 500 nm 
diameter carbon steel microelectrodes. By using 
microelectrodes and a Luggin probe, it may be possible 
to measure electrochemical properties of materials 
even in highly resistive media such as B100. 

Another technical issue that is yet unresolved is the 
imaging of the fuel-covered surfaces in an ESEM. At 
issue is the necessity to remove coupons exposed at the 
fuel/water interface by passing them through the fuel 
layer and coating the water-exposed surface with a thin 
layer of fuel. If the fuel is not removed prior to 
placement in the ESEM, evaporating fuel condenses on 
the interior of the ESEM, making it impossible to 
image the metal surface. Removal of the fuel layer, by 
dissolving in organic solvents such as acetone and 
xylene, removes the fuel layer but also destroys a large 
portion of biofilm (Little et al. 1991). While removing 
the bulk of the fuel is trivial, removing the last surface 
film is more complicated. 

Conclusions 

Biofouling was observed in all fuel/distilled water/ 
inoculum combinations. Microorganisms present in 
the original fuel samples were the dominant species 
characterized after a 6-month exposure. C1020 ex- 
hibited general (uniform) active corrosion in ULSD 
and LI00, and passive behavior in B100 and biodiesel/ 
ULSD blends. SS304L remained passive in all expo- 
sures. AA5052 was susceptible to subsurface pitting in 
the water and fuel layers, in addition to the fuel/water 
interface. 
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Abbreviations and acronyms 

AA5052 aluminum alloy UNS A95052 
AA2024 aluminum alloy UNS A92024 
B5 5% biodiesel / 95% ultra low sulfur 

diesel (v/v) 
B20 20% biodiesel / 89% ultra low sulfur 

diesel (v/v) 
B100 100% biodiesel (v) 
CI020 carbon steel UNS C10200 
C# carbon atom number 
DGGE denaturing gradient gel electrophoresis 
Ec„„ corrosion potential 

EIS 
FAME 
GC-MS 
/ 
L100 
LPR 
MIC 
ppm 

V 
Rs 
SS304L 
ULSD 
UNS 
V 

electrochemical impedance spectroscopy 
fatty acid methyl esters 
gaschromatography-massspectrometry 
current 
conventional high sulfur diesel 
linear polarization resistance 
microbiologically influenced corrosion 
parts-per-million 
polarization resistance 
inverse polarization resistance 
solution resistance 
stainless steel UNS S30403 
ultra low sulfur diesel 
unified numbering system 
potential 
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